The proportion of a given length of bean root tissue which appears to reach the external concentration when placed in KCI solutions (the apparent free space, == A.F.S.) increases as the external concentration is increased.
1. INTRODUCTION In previous papers (Hope 1951; Hope and Stevens 1952) it has been shown that uptake of salt by root tissue occurs in the first place by diffusion into the cell cytoplasm. The diffusion is reversible and is accompanied by diffusion potentials in which the cation/anion mobility ratio is greater than unity. About 8-12 per cent. of the weight of broad bean tips is penetrated by O.OlN KCl if it is assumed that this percentage of tissue reaches the same concentration as the medium. This diffusion process occupies 10-20 min and is followed by "active accumulation," in which a relatively constant amount of KCI leaves the medium every hour.
The present paper describes a study of the relation between apparent free space (A.F.S.) and the external salt concentration. A.F.S. is defined as the proportion of the tissue which appears to reach the external concentration during the initial uptake. The results show that the A.F.S. for the tissue, instead of being constant, as expected if KCI is diffusing from one simple aqueous '" C.S.I.R.O., formerly attached to Biophysics Laboratory, Physics Department, University of Tasmania; now Division of Food Preservation and Transport, Botany School, University of Sydney. phase to another, is a regular function of the external concentration and indeed is the function predicted by Donnan considerations; i.e. the results are consistent with the presence of a number of non-mobile ions in the bulk of the cytoplasm. The concentration of non-mobile ions (probably anions, . from other considerations) has been estimated for various regions of bean roots and maize roots, and varies between 0.006 and 0.04M if the cytoplasm is considered simply as an aqueous phase.
Part of the curve of uptake against time, when analysed, has been found to conform to Fick's law, thus giving additional evidence for supposing the initial uptake to occur by diffusion. By assuming reasonable values for the area and volume involved in the process, the apparent coefficient of diffusion for KCI in cytoplasm has been calculated.
Many writers (Blinks 1940; Frey-Wyssling 1948) consider plant cell cytoplasm to be a region containing immobile anions which are envisaged as electron excesses localized in the long-chain protein molecules which are constituents of the cytoplasm. However, there have been few attempts to find the concentration of these ions. Robertson (1951) says, "While the theory of Donnan effects resulting from cells in electrolyte solution is well developed, we are ignorant of the nature and concentrations of the substances on which ion exchange occurs." The only data available to the author are those of Meyer and Sievers (19S6a, 19S6h) and Meyer and Bernfeld (1946) , who have analysed measurements of electric potential differences in various plant organs and conclude that many are consistent with the presence of a Donnan system in cytoplasm. Their "selectivity constant" when the solubility of the ions in the cytoplasmic phase is taken into account is a measure of the concentration of immobile ions, and this is of the order of O.OlM. The experiments to be described were undertaken at first in ignorance of the work of :Meyer and his collaborators and thus provide an independent demonstration of the Donnan equilibrium in root tissue cytoplasm. Briggs and Robertson (1948) suggest a value of O.lM for the non-diffusable ion concentration in carrot cell cytoplasm. This and their values for the coefficient of diffusion of KCI for the same tissue will be discussed in Section IV.
II. MATERIAL AND EXPERIMENTAL METHOD
Broad bean (Vivia faha L.) roots were grown in sphagnum as described by Hope (1951) . The experiments series a with bean roots, described in Section III, were made with a quantity of bean root tips 0.5 cm long containing the root cap, meristematic, and some elongating cells. Usually 40-50 tips, weighing altogether 0.5 g, were immersed in 10 ml of KCI solution to determine the uptake curve. Series h used the section 1 cm long between 2 and 3 cm from the root cap.
The maize roots were germinated on moist filter paper in large petri dishes in an incubator at SO°c. When 4-5 days old they were c. 6 cm long and at this stage the required section of the root was excised with minimum damage. The parts of the root used were the first, third, or fifth centimetre from the root apex for series a, h, and c respectively. In each series the excised sections were equilibrated in several changes of distilled water for 16-18 hr. At the end of this time the change of conductivity of the water containing the tissue was quite small (Hope and Stevens 1952 
The uptake of electrolyte by the plant tissue was calculated from measurements of the conductivity of the medium in which the tissue was immersed. So long as cation exchange between the medium and cytoplasm has only a small effect on the conductivity of the former (see Section IV) the change in conductivity of a single univalent electrolyte gives the most accurate means of determining its change in concentration (see Robertson 1941) . The sensitivity of the method has been improved so that changes in ion content of less than 1O-7 M could be detected. This was done by using conductivity pipettes which had resistances of the order of 10 4 Q in O.OlN KCI for experiments with the lower external concentrations, and pipettes which measured up to 2 X 10 4 Q in O.OlN KCI for the higher concentrations. The A.C. bridge was capable of measuring to within ± 1 Q in 5000, using pipettes with freshly platinized electrodes. The change in conductivity of the medium during the initial uptake was usually less than 2 per cent. of the total conductivity so that the external concentration can be regarded as constant, as required in equation (3). 
Also, it is apparent that the A.F.S. takes the form
where Sres. is the residual A.F.S. due to intercellular and cellulose spaces and Scyt. is the percentage of the tissue occupied by cytoplasm. I.e. The tissue a was excised bean root pieces comprising the first 5 mm of root measured from the apex. The points plotted are the means and standard deviations for a number of replicates (see Table 1 ). The full line represents the theoretically deduced relation between s and Co derived from the theory of Donnan equilibrium as described in the text. In this tissue the non-mobile anion concentration A was approximately 0.006M and the cytoplasmic free space was 14 per cent. (b) As above except that the experiments were with tissue b, the excised third centimetre of root measured from the apex.
A 
Ia and Ib, Sres. is zero since the curves pass through zero at Co = O. Thus the free space due to non-cytoplasmic components of the tissue is negligible. It seems that in the root cells most of the A.F.S. is a phase containing immobile ions, the average concentration throughout the slice of tissue being of the order of O.OIM. A for series b was greater than that for a.
In each replicate, the same tissue was placed in KCl of the given concentration for approximately 1 hr to obtain the uptake with time graph. In every case this took the general form shown in an earlier paper (first part of Figure  3 , Hope and Stevens 1952) . The tissue was then placed in several changes of distilled water for about 1 hr to wash out the KCl which had entered the free spaces. Further immersions in KCl of increased concentration and then distilled water etc. followed. Placing the root sections in most concentrations of KCl (up to O.07N for series a and up to O.10N for b) left them apparently undamaged. However, the cells began to 'leak' heavily after being in KCl of greater concentrations than given above and it is assumed that the permeability was increased irreversibly. Thus experiments were limited to less than or equal to these concentrations. 
(b) A.F.S. as a Function of Co for Sections of Maize Roots
The above procedure was repeated using maize roots. Series a, b, and c in Table 3 represent experiments with the first, third, and fifth centimetres from f' the root apex, respectively, excised from the growing roots. The graphs of average A.F.S. against Co are given in Figure 2 . The curves of best fit, assuming a Donnan equilibrium at each external concentration, yield values of A, SC)'t., and Sm. as in Table 4 . It is seen that the experimental points fit the theoretical curve well in each graph of Figure 2 . A, the non-diffusable ion concentration, as with bean roots, is of the order of O.OlM. A increases with increasing distance from the root apex (Aa < Ab < A·) and therefore on the whole it can be said that higher A is characteristic of more mature cells. It will be noticed that in Figure 2c the residual free space is not zero but about 6 per cent. This is probably due to the vascular tissue being more fully differentiated than in cells of a and h. Consequently the tissue contains a comparatively large volume of xylem which is filled with water after excision and acts as free space. The cytoplasmic free space Scyt. is approximately constant along the root-on the average 16 per cent. If the entry of KCl into root cell cytoplasm is a process of diffusion, the driving force being a difference between the concentrations inside and outside the cytoplasm, the connection between the concentration C in this phase and time t should be as in Fick's law (see Davson 1943) :
where D is the coefficient of diffusion of KCI in cytoplasm, a the area through which KCI can diffuse, v the volume, and x the distance between regions of concentration Ci and c. Since the equilibrium concentration which is approached asymptotically is Ci, not Co, because of the Donnan effect, the maximum difference in concentration at any time is Ci - (Fig 3) . This confirms the idea that the movement of KCl is by diffusion. The beginning of the graph has a greater slope, which is probably due to the high rate of uptake at the beginning while the concentration gradient is being established over the full distance from the surface of the tissue to the axis. It is possible to calculate D (cm 2 sec-1 ) by making use of the identity between the slope of Figure 3 and -Da/2.303vx. However, this can be calcu-lated only to an order of magnitude since the area through which KCI is diffusing cannot be estimated accurately. The apparent coefficient can be estimated as follows. The volume is put equal to Se)'t., the cytoplasmic free space, since Sres. = 0 in the tissue. Thus v is about 15 per cent. of the tissue volume. The area is taken as equal to the surface area of the tissue (b) which is in the form of cylinders of average length 1.0 cm and average radius 0.11 cm. Actually the solute moves only through the cytoplasm of the roots and along wet cell walls. However, it is difficult to form an estimate of the area offered to the diffusing KCI by this part of the tissue. Using the value of via calculated on this basis and putting x = 0.05 cm (the measured uptake gives in turn the average cytoplasmic concentration and therefore that of the cytoplasm approx. half way to , the axis), D is calculated to be 0.072 X 1O-i 'cm 2 sec-1 . This is approximately onetwentieth of the value of D for 0.10N KCI at 20°C in aqueous solution, which is 1.67 X 10-0 cm 2 sec-1 (International Critical Tables, Vol. 5). Other similar experiments with the bean roots gave the values 0.13, 0.094, 0.058 X 10-'; cm 2 sec-1 • A value for the apparent coefficient of diffusion in the tissue much less than that for water could perhaps have been anticipated, having regard to the restricted diffw;ion paths. It should be noted that, as the vascular system in bean root tissue b is but slightly differentiated, diffusion into the root is practically all through the outer surface.
(d) Conductivity Changes due to Water Movement from the Cell Vacuoles
In view of the fact that the tonoplast in plant cells behaves as a semipermeable membrane, Mercer'" (personal communication) has suggested that some of the change in conductivity observed in KCI solutions containing root tissue taken from distilled water may be due to water movement from the vacuoles to the medium. Because the cell walls are to a certain extent elastic, the cell volumes may follow changes in external osmotic pressure even though the vacuolar osmotic pressure is greater. (The osmotic concentration of plant cells is given by Bonner and Galston (1952) 
To test this, some bean tissue b as used in (a) above was carefully weighed after (i) being taken from distilled water, (ii) the initial uptake from 0.08N KCI, and (iii) further washing for 30 min in changes of distilled water. If all the conductivity change is due to absorption of KCI from the medium, the weight should increase by up to 1 mg per g whereas if water movement causes all the change, the weight should decrease by about 13 per cent. Table 5 shows the result of one such experiment. Before the tissue was weighed each time, excess liquid was mopped from its surface. In between the three weighings (see table) the tissue was moistened with the appropriate liquid and remopped before again weighing. It is seen that in this instance the mean decrease in weight was 0.029 g in c. 1.380 g, or about 2 per cent. Now the expected decrease in conductivity during the initial uptake, calculated from previous experiments, would have been 1.8 per cent. The appearance of 0.029 g water from the vacuoles in the medium (volume 10 ml) would cause a .. Botany School, University of Sydney.
conductivity decrease of about 0.29 per cent. Thus the effect of the postulated water movement is small but not negligible. The figures (per cent.) for the A.F.S. of this tissue in the higher concentrations (Table 1) should be reduced by up to 2. However, the errors for concentrations less than this should become progressively smaller. The errors with bean tissue a are approximately the same, as shown by similar experiments to that described above. There have been many suggestions that plant cell cytoplasm may contain large 'multivalent anions' (Frey-Wyssling 1948) because of ionized groups on the long-chain protein molecules. Though these molecules are capable of giving rise to either acidic or basic groups, at ordinary external pH's the acid dissociation predominates. There is some evidence from potential difference studies that at least the surface of root cell cytoplasm behaves as though it contained H+ ions absorbed to fixed anions, when the root is ina dilute acid (Lundegardh 1940; Hope 1951) . This double layer of ions Lundegardh held to be a membrane highly resistant to diffusion of electrolytes.
The experiments described in Section III, in which the A.F.S. of root sections is measured as a function of external concentration, are consistent with the hypothesis of cytoplasmic fixed anions. It was found that the proportion of tissue which appears to reach the external concentration is increased. Thus either a fixed amount of the tissue reaches a proportionally higher concentration as Co is increased or an increasing amount of tissue comes to the same concentration as the medium. The former suggestion has been found to be the more probable as the experimentally determined relations between A.F.S. and Co have been matched by equations deduced from considering the free space as a region of non-mobile anions. The true free space is then a constant but the A.F.S. varies because of the Donnan effect. The average concentration of the non-mobile ions in the cytoplasm of various lengths of bean and maize roots has been estimated to be between 0.006 and 0.04M. The figures can be regarded as accurate averages for all the cells of the tissue because of the large number of roots involved in the determination, as long as the correction for water move-ment is applied. However, this has been determined only for the concentration 0.08N for bean tissue b.
The conductivity method was stated in Section II as giving an accurate method of determining change of concentration since each ion in leaving the solution gives rise to a known change in conductivity. This is so as long as the ionic exchange between the cytoplasm and the electrolyte does not also change the conductivity. In the present experiments, the pH of the medium did not change appreciably in the initial uptake so many H+ ions are not available for exchange with the external K+ ions. Also the ion conductances of the exchanged cations (K+, Ca++, and Mg++ ions are probably the most common cell metallic cations) are not sufficiently different from that of K+ to give a conductivity change of more than 10 per cent., on the average, of that given by the disappearance of a K+ and Cl-ion pair from the medium. Thus the effects of the two processes on the conductivity of the medium differ by an order of magnitude. In any case after the first immersion in KCl, the number of exchangeable K+ ions in the cytoplasm available for the next higher concentration would have increased, reducing the change in conductivity due to exchange still more. The error in the determination of A.F.S. due to water movement from the vacuoles was considered in Section III (d) above. Small errors are inherent in the values of A, S"yt., and D because of this effect.
The non-mobile anion concentration deduced from these experiments is of the same order as that calculated by Sievers (1936a, 1936b) and Meyer and Bernfeld (1946) from electric potential difference measurements. By analysing the change of p.d. with concentration (using a fixed ratio of concentrations on the two sides of the tissue) they deduced A and u/v, the cation/anion mobility ratio for the electrolyte in the tissue cytoplasm. For the skin of the apple (using Loeb and Beutner's (1912) data) A = 0.08~vI and u/v for KCl in the skin = 1.2 (Meyer and Sievers 1936b) . Using cells of the alga Chara, Meyer and Bernfeld (1946) calculated A to be between 0.016 and 0.03M in the exterior surface of the cytoplasmic layer and between 0.024 and 0.046M in the interior surface. For the exterior of Nitella cytoplasm A was between 0.05 and 0.15M. Briggs and Robertson (1948) Teorell's (1935) equation on the assumption that the ratio of ion mobilities in the disc is the same as in water (i.e. unity). However, it can be calculated that if u/v = 2, the p.d. of 43.5 mV corresponds to A c= 0.05M while if u/v = 3, it corresponds to A"", 0,03M. Values of u/v greater than unity were found for KCl in bean roots (Hope 1951) and are quite possible in carl,'ot tissue.
It is not clear why p.d. measurements with bean roots have not shown the Donnan effect. Usually the relation between p.d. change and log concentration is linear, indicating a simple diffusion p.d., instead of obeying the Teorell equation. However, it may be that the non-mobile anion concentration is not high enough in the epidermal cells (it is 0.006M on the average for all the cells in tissue a). Osterhout (1936) mentions that Donnan potentials do not seem to be present in his experiments with the large single cells such as Nitella and Valonia. The conditions of these experiments seem much the same as those of Meyer and Bernfeld (1946) , who found the high non-mobile anion concentration in Nitella given above.
In a paper recently to hand, Tendeloo, Vervelde, and Zwart Voorspuij (1944) have shown how data such as that in Lundegardh (1940) connecting salt concentration and interfacial p.d. can be interpreted as due to a Donnan distribution of ions between the root and medium. The discrepancy between this explanation and that given by Hope (1951) , who favoured a diffusion mechanism, is probably due to a difference in experimental material. In an extension of this theory, Vervelde (1948) considers the presence in the root of weak acids of varying dissociation and concentration. He has obtained values of A, the non-mobile anion concentration, and its variation with pH, by comparing theoretical equations with experimental values of the interfacial p.d.
At pH values comparable with those of the KCI solutions in the experiments of Sections III (a) and (b) of this paper (i.e. pH about 5.5) the A value calculated for barley roots is about 0.02M, for wheat roots 0.04M, very similar values to those obtained by the completely different technique using bean and maize roots, described above.
The presence of non-diffusable anions in root cell cytoplasm gives a qualitative explanation of the difference in ionic mobilities for KCI diffusing in cytoplasm, mentioned previously. Negative ions would have comparative difficulty in diffusing compared with cations which could move by a series of exchanges.
The form of the graph of uptake of KCI plotted against time has been found to follow Fick's law of diffusion. By assuming reasonable values for the constants involved, it is possible to calculate the apparent coefficient of diffusion for KCI in bean root cytoplasm (an average for all the cells involved). A typical value was 0.072 X 10-3 cm 2 sec-1 • Briggs and Robertson (1948) give the average value c. 0.03 X 10-;; cm 2 sec-1 for the diffusion coefficient of KCI through carrot root discs. The diffusion paths through this tissue are probably similar in principle to those in bean roots. The intercellular spaces in roots are larg'ely air-filled (see Hope and Stevens 1952) and the remaining paths consist of cytoplasm and wet cell walls. If this is so in carrot tissue, the coefficient for carrot is reasonably consistent with the value found for KCI in bean root tissue.
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